In citrus orchards, nitrogen uptake efficiency (NUE) is between 40 to 60% where any excess of nitrate is subjected to leaching below the rooting zone. The compound, 3,4-dimethylpyrazole phosphate (DMPP) inhibits the nitrification process in soil thus reducing/delaying nitrate leaching. The objective of this study was to evaluate the performance of DMPP added to ammonium sulphate (AS+DMPP), compared to ammonium sulphate (AS) and calcium-potassium nitrate (CPN), in fertigation of bearing orange trees grown outdoors in drainage lysimeters. Fertilizers were 15 N-labeled to trace N through soil-plant-drainage system. Soil was sampled monthly from April to December and trees were destructively harvested in December. In trees fertilized with AS+DMPP, increased biomass was observed with a more profuse development of root system and higher fruit yield. Fertilizer 15 N uptake significantly increased with DMPP addition. In AS+DMPP amended soils, increased values of NH -15 N and lower NO -N concentrations were recorded from April to June as evidence of the inhibitory effect of DMPP on the nitrification process during this period. In CPN and AS fertilized soils, 15 N losses in drainage solutions represented 9-10% of the fertilizer supplied whereas less than 3% was leached when DMPP was added. At the end of the cycle, highest NUE was recorded in the AS+DMPP treatment (69%), while CPN and AS had lower values (61% and 54%, respectively). Therefore, the use of DMPP enables a more efficient utilization of the fertilizer-N in citrus trees, minimizing the risk of nitrate-N pollution in groundwater. However, DMPP supply should be considered during spring fertilization, since high temperatures of summer months significantly reduced its activity.
Introduction
About 85-90 million metric tonnes of nitrogenous fertilizers are added to the soil worldwide annually (Good et al., 2004) . However, it has been estimated that 50-70% of this N is lost (Hodge et al., 2000) . Nitrate leaching is considered to be one of the most important mechanisms of N losses from soils (Shen et al., 2003) , with consequence of the low fertilizer-N uptake efficiency (NUE), and also contributes to nitrate pollution of groundwater (Lyle & Richard, 1997; Xing & Zhu, 2000; Li et al., 2003; Camargo & Alonso, 2006) . For economic and ecological reasons, an increase in NUE continues to be the main objective of N-related research (Hirel et al., 2007) .
In a well-managed citrus orchard, where irrigation is correctly timed to avoid excessive leaching and where fertilizer applications are applied appropriately, NUE has been estimated to be between 40 to 60% (Morgan & Hanlon, 2006) . Most fertilizer N applied to soils is in the form of ammonium, or ammonium producing compounds such as urea, and is usually oxidized rapidly to nitrate by nitrifying microorganisms in soils.The excess of nitrate not used by trees can be subjected to leaching below the rooting zone of citrus (McNeal et al., 1995) . Climatic conditions in citrus production zones and traditional cultivation methods favour nitrification of ammonium and, consequently, nitrate-N loss by leaching (Bergström & Brink, 1986) . Research conducted in the last years has led to a significant increase in knowledge for improving citrus trees nutrient efficiency where NUE is influenced by N rate (Feigenbaum et al., 1987; Lea-Cox & Syvertsen, 1996; Lea-Cox et al., 2001; Syvertsen & Smith 1996) , timing of application (Kubota et al., 1976a & b; Kato & Kubota, 1982; Martínez-Alcántara et al., 2012a; Quiñones et al., 2003 Quiñones et al., , 2012 , water management (Alva et al., 1998 Quiñones et al., 2007) , the form of N applied (Cantarella et al., 2003; Mattos et al., 2003) , fertilizer splitting (Alva et al., 1998; Morgan et al., 2009; Quiñones et al., 2003) , soil type (Martínez et al., 2002; Quiñones et al., 2012) and tree phenological growth stage (Martínez-Alcántara et al., 2012b) . A greater synchrony between crop demand and nutrient supply becomes a key factor in NUE improvement. Apart from fertilizer timing, another approach to synchronize release of N from fertilizers with crop need is the use of N stabilizers, which inhibit nitrification or urease activity, thereby slowing the conversion of the ammonium fertilizer N to nitrate (Havlin et al., 2005) . Retardation of the biological oxidation of ammonium can therefore reduce N losses due to leaching . Several chemical compounds are capable of retarding this biological oxidation by inhibiting the activity of Nitrosomonas bacteria, responsible for the first step in nitrification. However, on a global scale, only two nitrification inhibitors gained importance for practical use; these are dicyandiamide (DCD) in Europe and, in a limited extent in the US and, nitrapyrin exclusively in the US . Nevertheless, DCD presents several disadvantages, it is too expensive for large-scale use, its efficiency is comparatively too low, so that high application rates are needed (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) ), it is also highly water soluble, and can be leached through the soil profile, thus reducing its efficiency and may also cause phytotoxicity problems . On the other hand, nitrapyrin cannot be added with solid fertilizers due to its high vapour pressure, and being an organic chlorine compounds, its use can result in certain toxicological problems (Trenkel, 1997; Zerulla et al., 2001 ).
McCarty and Bremner (1989) found that unsubstituted heterocyclic N compounds containing two adjacent ring N atoms inhibited nitrification in soil. Among these compounds, 1,2,4-triazole, pyrazole and some substituted pyrazoles exhibited a potent inhibitory activity in soil. The recently developed compound, 3,4-dimethylpyrazole phosphate (DMPP), is very efficient in inhibiting the nitrification process in soil (McCarty, 1999; Serna et al., 2000; Zerulla et al., 2001; Irigoyen et al., 2003; Chaves et al., 2006; Roco & Blu, 2006; Yu et al., 2007a Yu et al., & 2007b , is effective at low concentrations (0.5-1.0 kg DMPP ha -1 ) and no toxicological or ecotoxicological side-effects have been reported ). Thus, DMPP has already been identified by several authors as one of the most efficient nitrification inhibitors (Hatch et al., 2005; Linzmeier et al., 2001; Weiske et al., 2001) and better than the widely used nitrapyrin ).
There have been few studies focused on the performance of DMPP in citrus cultivation. Preliminary studies carried out in young citrus trees grown in soil culture in pots, revealed a remarkable effect of DMPP on decreasing NO -N levels both in soil and in leaching water, as well as an increase in N uptake of treated plants (Serna et al., 2000) . Under field conditions, DMPP resulted in enhanced N and Fe concentrations in spring-flush leaves and also increased the number of fruits per tree (Quiñones et al., 2009 ). However, NUE in DMPP supplied adult trees has not been quantified since destructive sampling was necessary to examine dry mass and N partitioning within the tree which is an expensive an time consuming practice. In addition, there is also a lack of information on the NO -N and NH -N distribution in the soil profile and the leaching losses when DMPP is supplied with an ammonium fertilizer under drip irrigation conditions. In this context, the objective of this study was to evaluate the performance of the nitrification inhibitor DMPP added to ammonium sulphate, compared to ammonium sulphate (without inhibitor) and calcium-potassium nitrate, all applied in fertigation to bearing orange trees. The study focused on determining i) tree N uptake and hence, NUE for each treatment, ii) allocation of N supplied to the different compartments of the plant-soil system, and iii) quantification of N leaching losses using fertilizers labeled with the stable isotope 15 N.
Materials and Methods

Experimental Conditions: Fertilizer and Irrigation Scheduling
Nine uniform 10-year-old orange trees (Citrus sinensis (L.) Osbeck) c.v. Navelina grafted on Carrizo citrange (Citrus sinensis x Poncirus trifoliata) rootstock were grown outdoors in 9 individual hexagonal drainage concrete lysimeters (3.8 m 2 in area, 110 cm depth). Lysimeters contained approximately 3.5 m 3 of a Typic Xerofluvent soil (67.4% sand, 10.8% silt, 21. 8% clay; pH 7.9; organic matter content 0.6%; no CaCO 3 and a density of 1.35 kg m -3 ). At the beginning of the experiment (six years after tree transplanting) tree canopy diameter averaged 2.70 m.
The N fertilizer rate was 220 g N year -1 ·tree -1 based on tree canopy size. Nitrogen was supplied as ammonium sulphate either without or with the nitrification inhibitor 3,4-dimethylpyrazole phosphate (1% DMPP relative to NH -N), and as calcium nitrate plus potassium nitrate (60% of N rate as Ca(NO 3 ) 2 and 40% as KNO 3 ). Nitrogen was labelled with an isotopic enrichment of 4% atom 15 N excess in all treatments. Therefore, an ammonium either without (AS) or with the nitrification inhibitor (AS+DMPP) and nitrate (CPN) source were compared. The fertilizer-N was applied in the irrigation solution (fertigation) and split into 66 applications between March and October. A short wash cycle after injecting the fertilizer moved the fertilizer solution slightly below the ground surface after each fertigation event. The experiment design was three treatments with three uniform trees per treatment which were randomized across the experimental area. Trees were drip irrigated, with 4 commercial emitters per tree (4 L·h -1 ) to obtain approximately a 33% wetting area at 20 cm depth, according to Keller and Karmelli (1974) . The amount of water applied to each tree (Table 1 ) was equivalent to the total seasonal crop evapotranspiration (ETc) (Doorenbos and Pruitt, 1977) . The volume of water applied weekly to each tree was calculated using the expression: ETc=ET o ·K c ; where ET c is crop evapotranspiration; ET o is reference crop evapotranspiration under standard conditions and K c is a crop coefficient. ET o was determined according to Penman-Monteith (Allen et al., 1998) and K c was based on the information described by Castel and Buj (1994) , it accounts for crop-specific effects on overall crop water requirements and is a function of canopy size and leaf properties. Within each lysimeter, 2 clusters of tensiometers were installed at the 15 and 45 cm depths. Tensiometers were used to monitor the soil water content and irrigation was scheduled when average matric potential at both depths attained -10 KPa (Parsons, 1989; Smajstrala et al., 1987) . Water requirements were met by the rainfall of the entire year (2,616 L·tree -1 ) plus irrigation water ( Table 1 ). The volume of water supplied (6,390 L·tree -1 ) was divided into 79 drip applications (one to three times per week). At the bottom of each tank, drainage tubes were connected to cylinders used to collect the surplus drainage water and to determine potential nitrate leaching. ).
Soil Sampling and Tree Harvest
Soil was sampled monthly (from April to December) from 0-20 and 20-40 cm layers using a 4 cm diameter auger; deeper soil sampling was a difficult operation and could not be done without significantly disturbing soil structure in lysimeters. Soil sample cores were taken at 20 cm from the emitter; sampling always occurred 2 days after the latest N application. The sampling holes were plugged with a soil of the same characteristics and flagged to avoid repeated sampling from the same spot. On 11th December trees were destructively harvested and soil was sampled to the bottom of the lysimeter in 20 cm layer increments (0-20, 20-40, 40-60, and 60-90 cm) ; three representative samples from each layer were taken. Soil samples were air-dried at room temperature, dry-weighed, crushed through a 2 mm screen and stored for analysis. The mineral nitrogen (NO -N and NH -N) was measured (Raigón et al., 1992) N were recovered in boric acid (Bremner, 1996) . Aliquots were acidified with 0.32 N H 2 SO 4 and reduced to dryness in an oven (P Selecta, Barcelona, Spain) at 65ºC before analysis using an Isotope Ratio Mass Spectrometer (Delta Plus, Thermo Finnigan, Bremen, Germany).
To evaluate fertilizer N uptake, trees were cut down at the soil surface (11 th December) and separated into fruits, leaves and twigs of the current year, leaves of previous years, and trunk plus branches, at the end of the cycle (24 th November). All soil layers were excavated and coarse and fine roots (<2 mm diameter) were separated by hand. In order to estimate the fibrous roots remaining in the soil, three soil samples were taken in each layer and sifted through a 2 mm mesh sieve to remove the rest of the fibrous roots. All fractions were weighed and sampled to quantify total dry biomass. Samples were washed in non ionic detergent solution followed by several rinses in deionised water, weighed, frozen into liquid nitrogen, freeze-dried (Lyoalfa, Telstar, Barcelona, Spain), dry-weighed and ground in a water refrigerated mill (IKA M 20, IKA Labortechnik, Staufen, Germany) before analysis. With the aim of assessing fertilizer-N losses associated with abscised parts, tree litter (old leaves, flowers, petals, calyces, and fruitlets) was caught in nets from onset of flowering (1 st April) until the end of fruit setting (4 th July). Abscised organs were dried, weighed, milled and stored for subsequent N and 15 N analysis. Determinations of total N concentration and 15 N abundance in vegetal samples were performed with an Elemental Analyzer (NC 2500 Thermo Finnigan, Bremen, Germany) coupled to an Isotope Ratio Mass Spectrometer (Delta Plus, Thermo Finnigan, Bremen, Germany).
Calculations and Statistical Analysis
Based on data of dry weight (DW, g) and total N concentration (N%, w/w) for each plant compartment, N content was calculated: N (g)=N%·DW·100 . Leaching losses were calculated on the basis of their concentrations in the leachate collected from each lysimeter and the volume of the leachate. Data were subjected to ANOVA to test for significant differences between treatments. When F ratio was significant, means were separated by least significant difference test (LSD) at the 0.05 probability level, using SAS software (Statistical Analysis System Institute Inc., Cary, North Carolina, USA). The ratios of the amount of 15 N allocated in aboveground to that in belowground organs were compared by Student's t-test (p<0.05). Table 2 shows mean dry biomass of the whole tree and its distribution among different organs. Highest tree biomass was obtained in trees fertilized with AS+DMPP, while lower values were recorded in trees receiving AS or CPN. The higher fruit yield and coarse root development in presence of the nitrification inhibitor, with values that exceeded those recorded not only in AS but also in CPN trees, were responsible for this increased biomass of AS+DMPP trees. Moreover, a significantly lower development in new flush leaves and twigs, aerial woody organs (trunk and branches) and fibrous roots of AS was observed when compared to AS+DMPP fed trees, which also contributed to the differences recorded in total dry weight. However, the opposite pattern was observed in abscised organs (Table 2) , where significantly lower values were found in the AS+DMPP treatment if compared to AS trees; CPN treated trees exhibited intermediate non-significant values. 
Results
Biomass Partitioning
Total N and Fertilizer N Uptake in Plant Tissues
Significantly higher N concentrations were found in aerial woody organs (trunk and branches) in AS+DMPP treatment, whereas similar values were found in AS and CPN trees (Table 3) . Although no significant differences were found in the N concentrations of the rest of the organs, variations obtained in the biomass of the different plant compartments (Table 2) led to significant differences in total N content among treatments. Thus, N content in total tree followed the same pattern than that observed in dry biomass (AS+DMPP>CPN>AS). Fruits of AS+DMPP treatment accumulated higher N than those in CPN as a consequence of the increased yield from the AS+DMPP treatment. Aerial woody organs of AS+DMPP also exhibited the highest N content, while similarly lower values were observed in trunk and branches of AS and CPN trees. Moreover, a lower N content was found in root system (coarse and fibrous roots) of AS amended trees, if compared to AS+DMPP, while CPN showed intermediate non-significant values. In abscised organs, increased N concentrations where observed in AS+DMPP and CPN treatments compared to AS treated trees. Nevertheless, the reverse pattern was found in N content in tree litter of AS+DMPP and AS trees, as a consequence of the differences recorded in the biomass of abscised biomass of both treatments (Table 2) . Fertilizer N source led to remarkable differences in 15 N enrichment (% 15 N excess) in almost all tree compartments (Table 4 ) but a different pattern in aboveground and belowground organs was observed. Highest labelling values of fruit, new flush leaves and twigs, and old leaves were recorded in CPN amended trees, and similar lower values were obtained in AS fertilized trees with or without inhibitor (AS and AS+DMPP). However, AS+DMPP trees had the highest 15 N enrichments in fibrous roots, followed by CPN trees. AS fine roots, however, had the lowest enrichments. Fertilizer labelling allowed the quantification of its uptake enabling the identification of the fertilizer-N allocated in each plant compartment with no interferences with other N sources (native soil, irrigation water or tree reserve remobilization). Maximum fertilizer-N uptake occurred in AS+DMPP supplied trees which were 16% and 38% higher than uptake in CPN and AS fertilized trees, respectively (Table 4) . Fertilizer-N allocated to the root system was mainly responsible for the differences set in whole tree N uptake. The amount of fertilizer-N accumulated in the root system (coarse plus fine roots) of AS+DMPP supplied trees was 2-fold greater than the average in CPN and AS treatments (which showed no differences). In above ground organs, new flush leaves and twigs of AS+DMPP supplied trees accumulated higher fertilizer-N than those of AS. In trunk plus branches, fertilizer-N increased in the order of AS<CPN<AS+DMPP. It is remarkable, that a lower amount of fertilizer-N was lost in abscised organs of AS+DMPP trees when compared to AS or CPN supplied trees, which showed similar higher contents. The ratio of the amount of fertilizer-15 N allocated in aboveground organs to that in belowground organs (A:B; Table 4 ) was much lower in AS+DMPP trees than in CPN and AS which indicated that fertilizer N accumulated preferentially in the root system of AS+DMPP trees whereas the reverse occurred in the other treatments. 
Nitrate, Ammonium and Organic N-forms in the Soil Profile
In all soil samples, NO -15 N concentrations in 0-20 cm depth of CPN-amended soils were significantly higher than in AS amended soils either with or without DMPP (Figure 1a ). The addition of the nitrification inhibitor led to even significantly lower NO -15 N concentrations than that in the AS treatment from the 2nd until 5th soil sampling. However, from the 6th sampling onwards, similar NO -15 N concentrations were measured in both the AS and AS+DMPP treatments. In the 20-40 cm depth soil layer (Figure 1b) , highest NO -15 N concentrations were also recorded with CPN fertilization, which peaked on the 5th sampling (0.36 mg kg soil -1 ); later on decreased to similar values to that on the 1st soil sampling (0.12 mg kg soil -1 ). Similar to the pattern observed in the upper layer, differences in NO -15 N concentrations among AS and AS+DMPP treatment increased from the 2nd sampling and remained high until after the 4th sampling.
The highest values of exchangeable NH -15 N concentrations in the top soil (0-20 cm) were found in AS+DMPP amended soils (average values of 2 mg kg soil -1 ), followed by AS (Figure 2a) . The most remarkable differences among the AS and AS+DMPP treatments were observed in the 2nd-4th sampling interval. Whereas NH -15 N concentrations in AS treatment sharply deceased in the 2nd sampling date, addition of DMPP resulted in rather constant values in NH - (Figure 3a ) exhibited an overall increasing trend along the studied period. However, in CPN amended soils which showed the lowest 15 Norganic values, the amount of 15 N immobilized in the organic fraction continuously increased. In AS and AS+DMPP treatments, values tended to stabilize and even slightly decrease from 6th sampling onwards. This pattern led to non-significant differences at the end of the experiment. The addition of DMPP resulted in higher 15 Norganic values than that in the AS treatment in some of the soil sampling times. In the 20-40 cm soil layer, no significant differences were recorded among treatments, which showed an upward trend until 8th sampling (Figure 3b ). 
Fertilizer 15 N Recovery in the Plant-soil-drainage Solution System
At the end of the study, 89% (on average) of the labelled fertilizer supplied along the cycle was recovered regardless N source (Table 4 ). The recovery of fertilizer-15 N in plant tissues, that is, the fertilizer N uptake efficiency (NUE) was highest in AS+DMPP treatment (69%), with CPN and AS showing significantly lower values (61% and 54%, respectively).
At the end of the study, a higher proportion of the fertilizer was retained in the soil of AS and AS+DMPP treatments (22% on average) than in those receiving CPN (17%). Differences in the fertilizer-15 N partitioning among soil N pools according to N source were also recorded. An increased proportions of fertilizer 15 N were recovered in soil NH fraction of ammonium fertilized trees (11% on average for AS and AS+DMPP) but the reverse was observed in NO fraction, where CPN amended soils had the highest values (6.3%). It is also noteworthy that in AS+DMPP amended soils, less than 2% of the applied 15 N was recovered in NO fraction, which represents a 47% decrease in the value recorded in AS amended soils.
The total amounts of NO -15 N leached at the end of the study from CPN and AS amended soils were 4.0 and 3.4-fold higher respectively, than the values reported in AS+DMPP treatment. Thus, in CPN and AS fertilized soils, 15 N losses to the drainage solution represented 9-10% of the total fertilizer applied but this value drastically decreased to less than 3% when the nitrification inhibitor DMPP was added.
Discussion
Biomass and Fruit Yield
Biomass growth of trees fertilized with the AS+DMPP exceeded that of AS and CPN fed trees. Enhanced biomass production when the nitrification inhibitor was added to conventional AS fertilizer has been previously reported by Serna et al. (2000) who found a more profuse development of leaves in young citrus trees grown in pots receiving AS+DMPP when compared to AS amended plants. However, these authors found no differences in biomass of other organs or in total tree growth. Studies carried out in olive trees revealed that the use of ammonium fertilizers plus DMPP increased the growth of the lateral branches and the number of buds (Muñoz-Guerra and Casar, 2008) compared to conventional ammonium fertilization. The explanation for the enhancement in biomass production of AS+DMPP fed trees was based not only in the diminished N losses from the soil profile, but also in the positive effect of the enhanced NH /NO nutrition in the presence of DMPP, as a consequence of the increased levels of NH in the soil . In this sense, it has been observed that NH supply improves N nutrition in citrus over NO supply likely because plants spend less energy on NH uptake than on NO uptake (Ullrich, 1992; Wang et al., 1994) and absorbed NH can be used directly for amino acids metabolism. It also has been reported that NH nutrition improves the availability of some micro nutrients (Tagliavini et al., 1995; Pasda et al., 2001) , especially iron . Although Fe was not measured in the present study, Fe would have promoted tree development. Quiñones In the present study, nitrate fed trees (CPN treatment) had a similar fruit yield than AS fertilized trees. Accordingly, Legaz et al. (1992) found no differences in fruit yield in a comparative study among ammonium sulphate, urea and calcium nitrate fertilized trees. However, Intrigliolo (1985) found increased three-year mean fruit yields in trees fertilized with calcium nitrate (104 kg fruit tree -1 ) when compared to ammonium sulphate (74 kg fruit tree -1 ) supplied trees. The same response has also been observed in young trees (Ishihara et al., 1977) . In this study, the addition of the nitrification inhibitor resulted in higher fruit yield than that of AS and CPN treatments. There are no comparative studies between fertilization with nitrate and ammonium plus DMPP in trees; however, increases in crop yield of several herbaceous crops have been reported when DMPP was incorporated to ammonium fertilizers ). Hähndel and Zerulla (2001) found the same or higher fruit yield in fruit trees receiving an ammonium fertilization supplemented with DMPP when compared to control ammonium fertilized trees. In citrus trees, the use of nitrification inhibitors (i.e., nitrapyrin; 2,5-dichlorophenyl succinamic acid; DCD) also has been reported to increase fruit yields when compared to ammonium fertilizers (Liu et al., 1983; Serna et al., 1994) . Rodríguez et al. (2011) obtained a three-year average fruit yield increase of 21% in a commercial orchard when DMPP was added to ammonium sulphonitrate. Nevertheless, Quiñones et al. (2009) found no differences in total yield when incorporating DMPP to AS and reported a significant increase in the number of fruits per tree. According to these authors, the enhanced activity of DMPP and hence the higher ammonium supply during spring months, could had been responsible for the more profuse fruit set. This result would be in accordance with the diminished biomass of abscised organs (mainly fruitlets and petals) reported in the present study.
N Uptake in Plant Tissues
Increasing N concentrations in woody organs and in total-tree average were obtained with the DMPP are consistent with the enhancement of N concentrations in spring-flush leaves of AN+DMPP supplied adult trees (Quiñones et al., 2009; Rodríguez et al., 2011) . Thus, the results showed that total 15 N uptake significantly increased with the addition of DMPP. Increases in N uptake through the use of DMPP have also been reported in some crops, i.e. wheat (Rodgers & Ashworth, 1982) , tomato (Somda et al., 1991) , cotton (Rochester et al., 1996) and cabbage (Yu et al., 2008) . Serna et al. (2000) obtained 1.7-fold increase in N uptake in young citrus trees grown in pots when DMPP was added to AS. This increase in N uptake in DMPP supplied plants, even higher than that of those receiving nitrate fertilization, could be explained as a result of the combined effect of: i) the more profuse development of root system in presence of the nitrification inhibitor; ii) the enhanced uptake of N in NH over NO when incorporating DMPP (Prasad & Power, 1995; Serna et al., 1992) ; and iii) the reduction in N losses by leaching.
The pattern of 15 N-uptake allocation was affected by N-source as evidenced by the differences in the aboveground/belowground N ratio. With AS and CPN fertilization, fertilizer-N was mainly allocated in aboveground organs, which is in accordance with previous reports (Feigenbaum et al., 1987; Quiñones et al., 2005; Martínez-Alcántara et al., 2012a) . The AS+DMPP treatment showed the opposite pattern of greater allocation of N to below ground organs.
Nitrate, Ammonium and Organic N in Soil Profile
The addition of the nitrate fertilizer (CPN) obviously led to the highest NO -15 N concentrations during the studied period as a consequence of the continuous supply of nitrate-N. From the first sampling event onwards, a small amount of this supplied 15 N (0.13 mg kg soil -1 on average) was recovered in the NH fraction. Quiñones et al. (2007) and Martínez-Alcántara et al. (2012a) also reported that a small part of 15 N supplied in nitric forms was fixed as interchangeable NH . This can be explained by the process of inmobilization of fertilizer nitrate and later mineralization of 15 N-labeled soil organic matter. Davidson et al. (1991) found a rapid turnover of a small NO pool in intact soil cores due to a rapid immobilization phase immediately following the addition of 15 N tracers to soils, whereas Barraclough (1995) found a gross mineralization rate about 3-4 days after N immobilization.
The reverse pattern from that of CPN was observed with ammonium supplementation (as AS or AS+DMPP treatments). In the AS treatment, an increase in NO - (Serna et al., 1994) . It is remarkable, that in the present study, the significant differences among treatments in the NO -N concentrations in the soils occurred from April to June (from 2nd to 4th soil sampling events) and thereafter, no differences were recorded. This result supports that reported by Quiñones et al. (2009) who only observed differences in the NO -N fraction in the period ranging from 7 th April to 2 nd June. This was probably due to the fact that the capacity of DMPP to preserve nitrogen in ammonium form depends on several factors, such as soil temperature, humidity (Irigoyen et al., 2003) , or soil texture . In particular, the effectiveness of DMPP decreases with increasing soil temperature (Ali et al., 2008; Slangen & Kerkhoff, 1984; Zerulla et al., 2001; Irigoyen et al., 2003) . Zerulla et al. (2001) observed that at 20°C, ammonium disappeared completely from soil 2-3 months after DMPP application; Irigoyen et al. (2003) reported that DMPP become ineffective after one week at temperatures above 30°C. The loss of DMPP effectiveness in the present study during the warm summer months, was not recovered for the rest of the experiment since fertilizer supplementation ended in October and only little amounts were supplied during this month. This could be responsible for the attenuated differences in NH -N and NO -N concentrations among treatments observed in the last sampling event. Serna et al. (2000) also observed a sharp decrease in NH -N concentration, similar to that presented in this study, twenty days after last fertilization with ammonium sulphate nitrate either with or without DMPP. These authors also observed that all NH supplied with DMPP was totally nitrified 60 days after fertilizer was applied.
Leaching
The total amount of NO -15 N leached from the AS+DMPP was much lower than that of AS or CPN treatments. This confirmed the effect of DMPP in reducing N loss by retaining applied N in the ammonium form and thus, delaying its nitrification and the opportunity to be leached. Wu et al. (2007) in a study carried on in filled-in soil polyvinylchloride columns, found that 22% (discounting the N leached in the control) of the N supplied as ammonium sulphate nitrate was leached 40 days later in a clay loam soil, whereas only 17% was leached when DMPP was added. Also, Yu et al. (2007a) found 57-63% lower cumulative nitrate-N leaching losses when DMPP was added to urea fertilizer in an undisturbed heavy clay soil column experiment (60 cm depth). In previous studies in citrus with no-labelled fertilizers, Serna et al. (2000) also obtained 57% less NO -N in drainage water of young citrus plants grown in pots when DMPP was added to AS. These authors also observed a delay in NO drainage such that in the presence of DMPP, the solubilisation of the 50% of fertilizer NO -N took twice the time required in AS soils.
N Recovery in Plant-soil-drainage Solution System
At the end of the study, about 90% of the 15 N-fertilizer supplied was recovered, which implies that about 10% of this unaccounted for 15 N was probably mainly lost via denitrification or NH 3 volatilization. Although volatilization losses were not determined, they were likely minimal due to excellent soil permeability, good drainage conditions in the lysimieters and the small extra water irrigation fraction which was intended to move the fertilizer solution slightly below the ground surface after each fertigation event.
Total
15 N uptake efficiencies (NUE) in this study (54-69%), are similar to the 57% reported for mature citrus trees (Feigenbaum et al., 1987) grown in field conditions under drip irrigation supplied with ammonium nitrate. Syvertsen and Smith (1996) obtained NUE values for lysimeter-grown citrus trees in the order of 61-68%. These data are similar to those reported by Quiñones et al. (2003) who found NUE values of 64 and 75% in potassium/calcium nitrate supplied trees grown in lysimeters under flood and drip irrigation, respectively. It is remarkable that higher NUE was obtained in nitrate than in ammonium (without DMPP) supplied trees, in the present study. This may be the consequence of the preferential uptake of nitrate-N forms in soil-grown citrus trees. According to Embleton et al. (1973) , in well aerated soils with pH values close to neutral, N is mainly absorbed as nitrate since this ion is soluble in soil solution and easily transported to root zone. Ammonium fixation in the cation exchange positions and in the interlayers of 2:1 secondary phyllosilicates (vermiculite, illite and montmorillonite), however, would hamper its absorption (Feigenbaum et al., 1994) . However, the addition of DMPP to the ammonium fertilizer increased this NUE to values even higher than that recorded in CPN fed trees. The more profuse development of root system together with the diminished leaching losses which significantly increased fertilizer-was obtained (calculated as the difference in total N content in unfertilized control and fertilized plants) in presence of DMPP (Serna et al., 2000) . Nevertheless, there are no available data on the comparative NUE in ammonium with or without DMPP fertilized adult citrus trees.
At the end of this study, significantly lower 15 N was retained in soil profile of CPN fertilized trees as a consequence of the increased leaching. This contrasted with the AS and AS+DMPP amended soils, which retained higher proportions of N especially in the ammonium fraction. The values of fertilizer-N recovery in the mineral N pools at the end of the growing cycle of CPN-supplied trees were similar to those reported in other studies on nitrate supplied trees (Feigenbaum et al., 1987; Martínez-Alcántara et al., 2012a) . However, there are no available data on fertilizer-N recovery in nitrification inhibitor studies. Regarding N allocated in organic pool, about 8% on average of fertilizer 15 N was immobilized in the organic matter. Values reported in the literature vary considerably, since this process seems closely dependent on soil organic matter content (Kee Kwong et al., 1986; Recous et al., 1988) . Feigenbaum et al. (1987) found that in the upper 15 cm of the soil profile, 4.3% of the 15 N applied was partitioned to the organic soil fraction nine months after N-fertigation in a sandy soil. Nevertheless, Quiñones et al. (2005) in a sandy-loam-clay soil found that between 12% and 15% of the 15 N applied accumulated in the organic soil N pool (0-90 cm soil depth) at the end of the growing season.
Conclusions
The results of this study indicate that the addition of the nitrification inhibitor DMPP to ammonium sulphate in drip irrigated adult citrus trees, increased fertilizer-N uptake and fruit yield. N loss through leaching was markedly reduced as a consequence of the diminished nitrification rate. Therefore, the use of the nitrification inhibitor (DMPP) enabled a more efficient utilization of the fertilizer-N and in this way, the risk of nitrate-N pollution in shallow groundwater would be minimized. However DMPP supply should be considered during spring fertilization, since high temperatures of summer months significantly reduced its activity.
